Introduction
Many human and animal pathogens are classified into distinct strains based on genotype, virulence, immunogenicity, detectability, host specificity and other parameters that determine epidemic spread and which may be exploited to aid disease management (Li et al., 2009) . For example, strains of Mycobacterium tuberculosis, the causative agent of human tuberculosis, have been shown to differ in pathogenicity and immunogenicity (López et al., 2003 , Palanisamy et al., 2009 , Valway et al., 1998 , differences sometimes associated with variation in the M. tuberculosis genome (Manabe et al., 2003) .
We investigated whether genetically distinct strains of Mycobacterium bovis isolated during an eight year survey of the Northern Ireland cattle population varied in immunogenicity. Bovine TB is a serious endemic disease of both wildlife and livestock in many countries, transmissible to humans through consumption of unpasteurised milk or close contact with infected livestock. On-going efforts to eradicate bTB (e.g. EU directive 64/432/EEC) have resulted in several Western European countries being declared officially TB free. However, despite an intensive and expensive (Defra, 2011) programme of 'test and slaughter' of infected cattle over the past 50 years, bTB has recently undergone resurgence in parts of the UK (Abernethy et al., 2013, Goodchild and Clifton-Hadley, 2008) . The failure to eradicate the disease in the British Isles may be at least partly due to the presence of a wildlife reservoir, the Eurasian badger (Meles meles) (Phillips et al., 2003) .
In comparison with M. tuberculosis, relatively few studies have investigated genotype-phenotype associations in M. bovis. A survey of isolates from cattle in Great Britain indicated that skin test effectiveness and outbreak size were affected by pathogen genotype, leading to tentative suggestions that genotypes might vary in transmissibility and immunogenicity (Goodchild et al., 2003) .
Variation among M. bovis strains in immunogenicity may lead to differential detectability using either the single intra-dermal tuberculin test (SIT) or the comparative tuberculin test (SICTT, henceforth skin test). The skin test is the primary means of detecting M. bovis in cattle in Northern Ireland and is based on a DTH response to injection of tuberculin (or Purified Protein Derivative, PPD) derived from the pathogen (PPD-B) and from M. avium (PPD-A). Animals that test positive (reactors) exhibit a 4mm or larger increase in skin thickness at the PPD-B injection site compared with the PPD-A site. In both humans and animals (mice and guinea pigs) experimentally vaccinated with different strains of BCG (an attenuated form of M. bovis) DTH responses varied indicating that M. bovis strains vary in immunogenicity (reviewed by Ritz et al., 2008) . . Similar variation among field strains might be exploited to aid the bTB eradication programme; the skin test might be applied using a lower cut off value or the interferon gamma blood test (de la might be used in herds thought to harbour a less detectable strain.
Mycobacteria can be classified with increasing discrimination using large sequence and single nucleotide polymorphisms, direct repeat markers (spoligotyping) and then variable number of tandem repeat (VNTR) markers (Brudey et al., 2006 , Gagneux and Small, 2007 , Kato-Maeda et al., 2011 , Ozcaglar et al., 2011 , Supply et al., 2006 . The majority of M. bovis isolates in Northern Ireland belong to a single spoligotype (SB0140) and so we used both spoligotyping and VNTR typing to define genotypes ("strains"). However, Goodchild et al. (2003) found evidence of phenotypic variation among different spoligotypes in Great Britain and also among VNTR types with the same spoligotype, so there is the tantalising possibility that exploitable variation might exist at these scales.
We assessed detectability of M. bovis genotypes to the skin test by estimating the ratio of skin-testdetected to undetected cases and by calculating the average size of the skin test response elicited at a disclosing test. Each year in Northern Ireland, one in four hundred animals slaughtered are found to have tuberculous lesions when inspected at standard (non-reactor) post mortem, despite having passed their most recent skin test. Undetected cases are also a feature of the bTB epidemics in both the Republic of Ireland and Great Britain . One of our proxy measures of detectability was designed to indicate if pathogen genotype affected the outcome of the entire testing procedure, from measurement through interpretation of results to removal of animals (if necessary). The interpretation of individual skin tests may depend on the results of the entire herd test. For example, a skin test response that would normally be considered inconclusive may be reinterpreted as a positive result if other animals in the herd show positive responses (Enticott, 2012) . Therefore, in theory genotypes with low immunogenicity might be detected more frequently using this measure if they occurred in mixed breakdowns with more immunogenic genotypes. To test for such effects we also compared the mean size of the skin test response elicited by each genotype at the disclosing test; if some genotypes elicited small responses close to the detection threshold they would be more likely to be missed by chance (or have results reinterpreted in the light of other results in the same herd test) than those that elicited much larger responses.
Using these two measures of detectability applied to M. bovis genotyping and cattle population data covering an eight year period, we addressed the following two questions: a) Does pathogen genotype influence the size of the skin response at the disclosing test? and b) Does the ratio of skin test detected to undetected cases vary among genotypes?
Methods

Cattle population and TB control programme
In Northern Ireland there were approximately 1.6 million cattle in around 25,000 herds in 2010. The surveillance programme for bTB consists of at least annual skin testing of the entire cattle population and abattoir surveillance, along with laboratory confirmation and genotyping of confirmed cases (Abernethy et al., 2006 , Abernethy et al., 2013 ). An animal that exhibits an increase in skin thickness at the PPD-B site that is greater than 4mm that at the PPD-A site (a PPD-B biased response) is declared a reactor (standard test interpretation). All animals ) using a set of markers selected systematically to provide high resolution of clonal relationships among herd breakdowns in the province (Skuce et al., 2005) . Since 2003, the first M. bovis isolate from each newly confirmed herd breakdown was genotyped using a combination of spoligotyping and multi-locus VNTR analysis (MLVA) (Roring et al., 2002 , Skuce et al., 2005 , provided that the herd had not had a confirmed TB case in the previous 365 days. Sampling was increased to two isolates from each breakdown in 2006 and to every confirmed isolate in 2009.
The proportion of confirmed isolates genotyped increased from 65% in the first three years of the study to 92% in the remaining years, covering 10,931 herd breakdowns with at least one isolate genotyped (a total of 21,451 isolates). Of the breakdowns in which multiple isolates were sampled (i.e. 2006 onwards), 38% had more than one genotype present.
From this dataset, we excluded genotypes with less than ten isolates sampled in the period 2003 -2010 , retaining a total of 63 genotypes covering 10,498 herd breakdowns (Table S1 ). We combined this dataset with anonymised records of skin test results, details of animal life histories and movements which are stored within the Animal and Public Health Information System (APHIS) (Houston, 2001 ), a database administered by the Department of Agriculture and Rural Development.
Response at the disclosing skin test
We assessed the effect of pathogen genotype on skin test response (PPD-B -PPD-A) by comparing the influence of genotype with other potential sources of variation, extracting skin test results for animals that tested positive under the standard interpretation. We excluded animals that had an inconclusive result at the previous skin test because they might have become desensitised to tuberculin, characterised by a progressive decrease in response to each subsequent test by cattle undergoing repeated short interval testing (Coad et al., 2009) or those with advanced disease (de la . Following these exclusions, 11,799 animals remained, 78% of which were female. The distribution of skin test responses was right skewed, so values were log transformed prior to modelling (median = 12mm, lower quartile = 8mm, upper quartile 19mm).
We compared pathogen genotype with other potential sources of variation (age, sex, breed and test ID) by fitting a mixed effects linear regression model. Age (in months) and sex were included as fixed effects because males have slightly thicker skin than females (median baseline skin thickness at the bovine site: females 9mm, males 10mm, this dataset) and a shorter mean lifespan. Pathogen genotype and animal breed were included as random effects centred on the mean test response for each sex. Breeds vary in mean skin thickness which may affect the accuracy of skin measurements (Table 1 ) and may also vary in TB resistance and hence skin test response (Allen et al., 2010 , Ameni et al., 2007 , Bermingham et al., 2009 ). The final source of variation was the skin test ID which was unique to a given herd and date and was included to correct for variation among tests carried out for different reasons (e.g. annual herd tests or tracing of potential infected cattle), during different seasons and among testers. It also enabled us to combat non-independence of responses among animals. A large number of animals reacting at the same test may have been infected simultaneously, displaying similar sized responses which might bias estimates attributable to other factors.
We fitted the model using the lme4 package (Bates et al., 2012) 
in R 13.2 (R Development Core
Team, 2011); extracted batches of parameters associated with each source of variation and computed their (finite population) standard deviations. A factor whose groups vary widely in estimated coefficients is likely to have greater influence on the response variable than one whose group means are similar. Because the response had been log transformed, standard deviations for the different factors can be directly compared and when back transformed also indicate the predictive value (importance) of that factor on the original scale. To test for confounding of the comparative skin test response (PPD-B -PPD-A) with the PPD-A response we fitted a similar model using PPD-B response as the outcome variable. Estimates of both fixed and random effects were similar in both models (between-model correlations of estimated effects for genotypes and breeds, r = 0.89 and r = 0.95 respectively) and so here we report only the comparative results.
Ratio of skin test detected to undetected cases
We investigated the effect of pathogen genotype on the ratio of detected to undetected cases using two approaches, firstly considering genotype as the sole explanatory factor and secondly attempting to adjust for potential variation in case detection rates among abattoirs. In our initial unadjusted analysis we compared the distribution of reactors with the distribution of cases undetected (i.e. only detected at abattoir) using a Chi-squared test. We carried out this comparison twice, first comparing the reactor distribution with that of all abattoir detected cases and then restricting our analysis to abattoir detected cases that had undergone a negative skin test within the 60 days prior to slaughter. Macroscopic lesions may appear in experimentally infected cattle within 3-6 weeks depending on the mode of infection, although the high infective doses used in these studies probably lead to faster disease progression than in naturally infected cattle (Neill et al., 2001 ).
Therefore we could be reasonably confident that lesioned animals tested within the last 60 days had been infected prior to the last skin test and so can be considered "true undetected".
At the national level, the proportion of cases detected by the skin test is dependent on both the performance of the skin test and the rate of lesion detection at abattoir. Abattoirs in Republic of Ireland vary widely in lesion detection and subsequent bTB confirmation rates (Frankena et al., 2007 , Olea-Popelka et al., 2012 . We used the skin test detection ratio: the ratio of the incidence of cases detected by the skin test (number of reactors/number of animals skin tested in a given population during a given year) to the incidence of cases undetected as our measure of skin test effectiveness and then investigated the influence of pathogen genotype and abattoir. To calculate the incidence of cases undetected we selected animals that had a negative skin test and were slaughtered within 60 days, dividing the number of animals found to have lesions that were subsequently confirmed as bTB by the total number of animals within this group. We calculated the skin test detection ratios for the cattle populations associated with the twelve major abattoirs (anonymised) operating in Northern Ireland in each of the years 2003-2010. The catchment of each abattoir consisted of the herds from which it received non-reactor animals in a given year (the majority of reactors are handled by one or two specialised abattoirs).
We investigated whether skin test detection ratios varied as a result of the community composition of genotypes in the catchment area (e.g. a catchment might have a high ratio if dominated by a genotype that was relatively detectable). We calculated the relative abundance of genotypes in each catchment (animals slaughtered from herds where the focal genotype was detected / animals from herds where any genotype was detected). We then fitted a linear regression in R modelling the skin test detection ratio, D as a function of the relative genotype abundances in that catchment and year:
where s 0… s n are the relative genotype abundances and  0 … n are coefficients to be estimated indicating genotype effects. We hypothesised that if pathogen genotypes varied in detectability then the estimated genotype effects on skin test detection ratio would vary, with some deviating significantly from zero. Alternatively, if differences in abattoir procedures rather than genotype effects were influencing detection ratios then the estimated parameters would be close to zero.
Results
Response at the disclosing skin test
Skin test responses varied considerably at the disclosing test (range 5 -94mm, 95% quantile 39mm) but we found little variation among genotypes in the mean response elicited. Response size decreased by 0.3mm for each additional year of age and females had a significantly smaller response than males; estimated mean skin rises at 24 months age (females = 13.2mm, 95% CIs: 12.7mm, 13.8mm; males = 14.8mm [14.4mm, 15.3mm] ). Estimated genotype effects were clustered tightly around these values, all within 1.5mm of the respective mean ( Figure 1 ) with a correspondingly low standard deviation (Table 2) . CIs for the majority of genotypes overlapped zero indicating no significant differences from the overall mean with the exception of genotype 5.140 which had 1.2mm larger skin test responses than average. However the maximum difference between the response for this genotype in comparison with another was only 2.2mm (c.f. genotype 10.140). We observed no systematic differences in skin test response among spoligotypes (genotypes with different spoligotypes interspersed throughout the range of responses, Figure 1 ).
There was a similar degree of variation among cattle breeds as among genotypes (Table 2) (Table 2) , translating to considerable variation on the data scale (average predicted response = 13.2mm, ± 1SD: 7.6 -23.1mm). High residual variation at the individual level indicates that the selected factors are poor predictors of skin test response and that inter-animal variation has a far greater influence; potentially a result of genetic variation in resistance to bTB (Allen et al., 2010 , Bermingham et al., 2009 ). This result may also reflect the difficulties of accurately measuring skin thicknesses under field conditions; measurement to the nearest millimetre is the best that can reasonably be expected.
Therefore the increased skin test response elicited in animals infected with genotype 5.140, whilst being an outlier, is unlikely to have significant implications for disease management.
Ratio of skin test detected to undetected cases
The proportion of cases detected by the skin test varied among genotypes in univariate analysis but we found no significant influence of genotypes on skin test detection ratios once abattoir effects had been accounted for, indicating that differences in the proportion of cases detected was most probably not caused by genotype effects. Our initial analysis unadjusted for abattoir effects showed that the distribution of genotypes among reactors was significantly different from the distribution of abattoir detected cases both when considering all abattoir cases (Χ 2 = 418, d.f. = 62, P < 0.001, Table   S1 ) and only those animals slaughtered within 60 days of a negative skin test (Χ 2 = 276, d.f. = 62, P < 0.001). Thirty one percent of abattoir detected cases were from animals slaughtered within the 60 day period.
To adjust for abattoir effects we calculated skin test detection ratios for a total of 83 different catchment × year combinations across the twelve abattoirs. In general, skin test detection rates
were not associated with abattoir detection rates; there was no significant correlation between the incidence of detected and undetected cases across all catchment years (Pearson r = 0.10, P = 0.38).
There was considerable variation among catchments in the skin test detection ratio, ranging from catchments with an almost equal ratio of case types (e.g. Figure3a. , abattoir A) to those with only one case found at abattoir for every seven reactors (e.g. abattoir K) and there was also considerable inter-annual variation in incidence of TB and skin test detection ratios (Figure 3 ). Catchments were large (median distance travelled to abattoir = 54km, quartiles = 23km, 89km) and contained many genotypes (median = 29, range 14 -46 genotypes). The relative abundance of genotypes in each catchment was low with only three genotypes representing more than 10% of the confirmed bTB in any given catchment (Supplementary information, Table S1 ).
Skin test detection ratios varied among abattoir catchments but these differences were unrelated to the community composition of pathogen genotypes. None of the estimated genotype effects exerted an influence on the skin test detection ratio that was significantly different from zero (Table   S1 , all 95% CIs overlap zero), so genotype detectability does not appear to significantly influence the effectiveness of the skin testing programme. There were no systematic differences among spoligotypes (magnitude of genotype effects were not clustered by spoligotype Table S1 ). Half of the variance in skin test detection ratios was explained by the fitted model (R 2 = 0.51), indicating a reasonably good fit to the data. We conclude that the observed variation among genotypes in the proportion of cases detected by the skin test (unadjusted models) was largely driven by variation among abattoirs in TB lesion detection rates. Taken in parallel with our finding that skin test responses do not vary with pathogen genotype, there is no convincing evidence that genotypes of M. bovis in Northern Ireland vary significantly in detectability using the skin test.
Discussion
The and Torgerson, 2012) . Under field conditions the skin test has been found to be less sensitive than both existing (interferon gamma) and new (Enferplex-TB) alternative diagnostic tests . Despite these difficulties the herd level sensitivity of the skin test increases rapidly as the number of infected animals increases (Christensen and Gardner, 2000) . Once infection has been detected in a herd the regime of repeat short-interval testing, usually coupled with a more severe interpretation of the test is likely to disclose animals that were missed initially. Therefore at the scale of an entire abattoir catchment, reactor incidence is likely to give a good representation of bTB incidence in a given year.
Surveys of abattoirs in the Republic of Ireland have demonstrated that abattoirs vary in the number
of lesions submitted that are subsequently confirmed, and that these rates were largely independent of the risk profiles of the animals sent to them (i.e. the variation was in abattoir surveillance rather than in incidence of bTB in the cattle population) (Frankena et al., 2007 , OleaPopelka et al., 2012 . Our results were similar, with the incidence of cases detected at abattoir (representing a combination of lesion submission and confirmation risk) varying widely among abattoirs and among years. We suggest that the effectiveness of abattoir surveillance is related to the business model in place, possibly including the line speed at each plant. Skin test detection ratios were lowest for plants A and B, indicating that a large number of lesions were being detected. These abattoirs specialise in processing animals surviving beyond the 30 month point at which most beef cattle are slaughtered. There are relatively few old cattle to process each year and these abattoirs may also maintain a slower than average line speed (C. McCormick pers. comm.). As a consequence there may be more time for each carcass to be inspected and therefore more lesions may be detected.
We found no convincing evidence for variation among genotypes in detectability to the skin test, either at the spoligotype or tandem repeat level of discrimination, for which there are a number of potential explanations. Firstly, it is possible that the genotypes that we identified are too closely related to exhibit any significant variation in detectability. All of the genotypes found in our dataset and the majority of those found in the UK are part of the EU1 clonal complex of M. bovis (Smith et al., 2011) , dominated in Northern Ireland by spoligotypes SB0140 and SB0142 (Smith et al., 2006) . In
Northern Ireland, diversity of strains, as measured by spoligotype is even more tightly restricted in comparison with the rest of the UK (Smith et al., 2006 . The markers that we used to distinguish genotypes, both spoligo spacers and tandem repeats, were selected to provide maximum discrimination among isolates in the study population (Skuce et al., 2005) representative of Northern Ireland. These genetic markers are not currently thought to be adaptive but are assumed to be representative of clonal relationships, with some clones potentially having acquired functional changes. Even if our genetic markers are associated with adaptive mutations (perhaps through genetic hitch-hiking: Barton, 2000 , Smith et al., 2006 , the genotypes identified in this study may have had insufficient time to evolve any significant variations in detectability in the 50 years since compulsory slaughter of infected animals was introduced (Smith et al., 2006) . This is a short period in comparison with the millennia taken for significant changes to accrue among the major lineages in the M. tuberculosis complex (Comas and Gagneux, 2009 ). However, recent evidence suggests that in the recent phylogeography of M. bovis, neutral rather than adaptive effects are responsible for the major global patterns of genetic diversity (Smith et al., 2011) and given the relatively recent population bottlenecks it is perhaps unsurprising that we did not find significant variation in detectability.
Our findings do not preclude the existence of phenotypic variation among genotypes at broader phylogenetic scales as exhibited among M. tuberculosis lineages (Gagneux and Small, 2007 , Krishnan et al., 2011 , Gagneux et al., 2006 , Brown et al., 2010 and so an interesting avenue of research would be to compare M. bovis genotypes across countries with different lineage compositions. A comparison could be made between the EU1 genotypes identified in this study and samples taken from continental Europe where non-EU1 genotypes are more prevalent, although identifying and combining representative datasets at the international level presents a significant logistical challenge.
Alternatively, there might be a trade-off between immunogenicity and traits that allow M. bovis to establish in susceptible cattle. M. tuberculosis genes coding for certain epitopes (host recognised molecules) are among the most highly conserved in the pathogen genome (Comas and Gagneux, 2011) , indicating that host recognition is fundamental to pathogen transmission and survival. In contrast to pathogens which attempt to evade the host immune system it appears that some Mycobacteria require a host response as an integral part of the infection process of which granuloma formation is a key feature (Davis and Ramakrishnan, 2009, Paige and Bishai, 2010) . A similar mechanism might be in action here in that M. bovis genotypes could be disadvantaged if their immunogenicity was altered to evade the skin test because in doing so they might compromise their ability to establish in new hosts following transmission. However, the relationship between immunogenicity and infection traits is not well defined and requires further investigation to establish whether such a trade-off exists. For example, similar skin test responses were observed in cattle experimentally infected with different strains of M. bovis, only one of which elicited extensive macroscopic lesions (Wedlock et al., 1999) . Similarly, experimental infection of cattle with different species of mycobacteria (M. bovis, M. tuberculosis and M. kansasii) elicited strong immune responses in each case but the degree of subsequent tissue colonisation and pathology induced varied among species (Waters et al., 2010) .
Routine genotyping of M. bovis isolates is indubitably valuable for epidemiological tracing. The genotypes present in Northern Ireland do not differ in detectability and so genotype-specific alterations to the testing regime (e.g. use of the interferon gamma test or a more severe interpretation of the skin test if a less detectable strain is known to be present in a herd) do not appear to be warranted. However, the lack of variation amongst M. bovis genotypes in detectability using the skin test in the NI population does not exclude the possibility of significant variation in other traits, and an obvious future line of investigation using this dataset would be to compare sizes of herd breakdown for different genotypes as a proxy measure of transmissibility.
Conclusions
We investigated the hypothesis that genotypically distinct strains of M. bovis might vary in detectability using the tuberculin skin test. Linking a province wide survey of field isolated genotypes in Northern Ireland with records of skin tests and animal movements we calculated two measures of detectability using the skin test. We found no substantial variation among genotypes in the size of response elicited at the disclosing test. Skin test detection ratios in abattoir catchments were not related to the composition of the genotype community, instead varying considerably between abattoirs and years, possibly as a result of different abattoir performance. Considering both of these measures, we conclude that M. bovis genotypes in Northern Ireland do not differ significantly in detectability to the skin test, either because they are too closely related or perhaps as a result of an evolutionary trade off with genotype virulence which we seek to investigate further. 
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